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Abstract
An experiment to gather spectroscopic information on a newly discovered isomer in
184Hf was performed using the ISOLDE facility at CERN. Protons from the PSBooster
were incident on a Ta/W/Ir target and fluorination using a CF4 leak allowed the 184Hf to be
extracted from the ion source. The beam was then accelerated to 30 keV and mass separated
using the General Purpose Separator (GPS). The data was analysed but it was found that
the method used to produce the beam introduced too much contamination for the isomer
to be positively identified. It was possible, however, to verify the successful production of
184Hf.
Another experiment was performed at ANU, Canberra, this time to look at a high-lying
isomer in 173Ta. A 10B− beam was produced using the Multi-Cathode SNICS ion source.
The beam was then accelerated to 68 MeV in the 14UD pelletron. This 10B− beam was
then incident on a 168Er target and the CAESAR Array, which surrounds the target, was
used to detect γ rays from the reaction products. The isomer was positively identified and
its decay γ rays were measured to be E = 351 keV , 604 keV and 835 keV . The half-life
of this isomer was measured to be 148 ns with Kpi = 21/2− and fν = 18.1, 19.3 and 12.5.
Information about the structure above the isomer was also gathered, along with gK values
associated with these bands. Multi-quasiparticle Nilsson-model calculations were performed
in order to understand the observed structures, and a consistent interpretation was found.
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1 Introduction
The study of the structure of nuclei can lead to a greater understanding of the formation
of the elements and their isotopic abundances, finding the limits of stability and testing
current nuclear models. The atomic nucleus, at the centre of the atom, is known to comprise
of protons and neutrons. These protons and neutrons form a shell structure within the
nucleus, much like that of electrons in an atom. The protons and neutrons ‘pair’ with like
particles and can form complex level schemes. Excitation of a nucleus occurs when one or
more nucleons are promoted to a higher energy level. De-excitation usually occurs almost
instantaneously but sometimes this process is inhibited. These excited states are known as
nuclear isomers. While there is no set definition for the minimum life-time for an isomer it
is often accepted as 1 ns [18]. The maximum life-time for an isomer, however, is unlimited.
The longest lived isomer currently known is 180mTa whose half-life is > 1015 years and has
so far never been observed to decay [19].
There are a number of different types of isomer. Spin trap isomers occur when an
excited state has a large change in angular momentum between itself and the state it can
decay to especially if the energy difference between the two states is low. This means that,
for γ emission, the photon needs to be of high multipolarity and high multipole transitions
are less likely and so lead to increased life-times.
K isomers, much like spin trap isomers, occur due to large changes in angular momentum
between the initial and final states but, in this case, the isomerism is caused by a large
difference in orientation rather than magnitude of the angular momentum. K isomers will
be discussed in more detail further on. Isomers often occur in clusters, where the nucleon
configuration is most favourable. Fig. 1.1 shows the clustering of heavy isomers on the N−Z
plane. The half-lives of the isomers are shown on a logarithmic scale. The diagram shows
three distinct clusters, with the flat squares representing stable isotopes. The cluster to the
1
2left are the spin-trap isomers formed near the magic number N = 82 and the cluster to the
right are the spin-trap isomers near the magic number Z = 82. The cluster in the centre
represents K isomers, these occur around the 31-year 178Hf K isomer.
Shape isomers are formed when the shape of the excited state is different to that of the
ground state, therefore there is a potential barrier between the two and decay is hindered due
to the need for quantum tunnelling through the barrier. All these isomers can, in principle,
(i.e. if energetically allowed) also decay by α or β decay or by spontaneous fission into two
smaller nuclei.
Fission isomers occur in deformed nuclei and can be a result of K isomerism. High
K states usually occur in the first well of the potential energy surface and this can lead to
direct fission from these excited states. It follows that fission isomers could also occur in
nuclei whose large deformation results in particular shell structures which create a second
well in the potential energy surface [20]. Large shape changes and high barriers between the
second and first minima may result in the appearance of isomeric states.
Figure 1.1: Clustering of Heavy Isomers with spin >16~. [1]
Long-lived nuclear isomers often form in deformed nuclei and there are regions of the
nuclear chart that favour their production. One such region is the neutron rich Z = 72
(hafnium) region. An example of this is 178Hf which has an isomer with a half-life of 31
years [21]. Another example from this region is 184Hf [22]. This isotope has a well known
Kpi = 8− isomer with a half-life of 48 s [23]. An experiment was carried out by Reed et
3al. [24, 25] using the experimental storage ring (ESR) at GSI Germany. This experiment
showed evidence of a second isomer in 184Hf, this time with a half-life of 12 minutes. Due to
the nature of the experimental set up at GSI no spectroscopic information could be gathered
on this new isomer. As part of the current work an experiment to measure this information
was done at ISOLDE, CERN.
The neutron-deficient Z = 73 (tantalum) region also contains a large number of isomers,
one of them being 173Ta [26]. A three quasi-particle isomeric state in 173Ta was discovered
by André et al. in 1977 [27]. It has also been studied by Thakur et al. [28, 29]. This
was tentatively determined to be a 21/2− state with an energy of 1713 keV and decayed
to a 9/2− band via three γ photons at 356 keV , 609 keV and 840 keV . The half-life was
estimated to be ≈ 100 ns. Thus far no information about the structure above this isomer
had been measured. In the current work, an experiment to focus on this 21/2− isomer was
performed at ANU, Canberra to gather this missing information and test the understanding
of isomer half-lives.
2 Theory
2.0.1 Nuclear Model
The Semi-Empirical Mass Formula
The semi-empirical mass formula is derived from the liquid drop model of the nucleus. This
model treats the nucleus as a drop of incompressible nuclear fluid of very high density which
behaves much like the molecules in a drop of liquid. This model explains the spherical shape
of certain nuclei and the formula can be used to predict the binding energy of a nucleus.
EB = aVA− aSA 23 − aC Z
2
A
1
3
− aA (A− 2Z)
2
A
± δ(A,Z), (2.1)
where EB is the binding energy, aVA is known as the volume term, aSA
2
3 is the surface
term, aC Z
2
A
1
3
is the Coulomb term, aA (A−2Z)
2
A
the asymmetry term and δ(A,Z) is the pairing
term.
The mass of a nucleus can also be calculated with the help of the binding energy
m = Zmp +Nmn − EB
c2
, (2.2)
where Zmp is the mass of a proton, Nmn is the mass of a neutron and c is the speed of
light in a vacuum.
The Shell model
The shell model is analogous with the atomic shell model for electrons. Nucleons arrange
themselves in ‘shells’ within the nucleus, with the lower energy shells being filled first. Pro-
tons and neutrons fill these shells in pairs and paired nucleons give greater binding. At
4
5certain nucleon numbers these shells are all filled or ‘closed’ and this gives rise to enhanced
binding. These nucleon numbers are known as the ‘magic numbers’. The magic numbers are
Z or N = 2, 8, 20, 28, 50 and 82. Nuclei with both protons and neutrons equalling these
numbers are known as ‘doubly magic’. Separation energies for magic nuclei are higher than
would be predicted by the semi-empirical mass formula.
Shell Model Potential
In an attempt to explain the energy levels and shell gaps two potential wells were suggested.
These were the infinite square well and the infinite harmonic oscillator.
Figure 2.1: Shell closures as calculated using the infinite square well and the infinite harmonic
oscillator potential [2].
However these potentials both give incorrect shell closures, while the first three closures
are at 2, 8 and 20 nucleons, as can be seen in Fig. 2.1, over this they do not align with the
magic numbers. An intermediate form of the potential, known as the Woods-Saxon potential
was suggested, shown in Fig. 2.2.
6V (r) =
−V0
1 + exp[ (r−R)
a
]
. (2.3)
Figure 2.2: Woods-Saxon Potential
This form still does not fit with all of the magic numbers. To get the correct level
separation the spin-orbit potential needs to be included such that
Vso(r)`·s. (2.4)
This potential takes into account the intrinsic spin of the nucleon and the interaction
it has with its own orbit. A level degeneracy term, 2(2l + 1) is also included. This pushes
the high-j states down and reproduces all the magic numbers [30]. Fig. 2.3 shows how the
spin-orbit terms allows all the magic numbers to be produced.
7Figure 2.3: Single-particle levels for each potential showing how the introduction of the
spin-orbit term reproduces the magic numbers [3].
Deformed Nuclei and the Nilsson Model
The Shell Model works well for spherical nuclei; nuclei at or close to shell closures. However,
for mid-shell nuclei this models falls down. These nuclei are non-spherical, oblate or prolate
in shape, and this deformation distorts the energy levels. Deformed nuclei include those in
the region 150 6 A 6190 and A > 230.
The radius of the deformed nuclei can be calculated in terms of (θ, φ)
8R(θ, φ) = R0(1 +
∞∑
λ=2
λ∑
µ=−2
αλµYλµ(θ, φ)), (2.5)
where R0 is the mean radius of the nucleus, λ defines the shape of the deformation and
µ can go from −λ to λ in integer steps. Yλµ are spherical harmonics and αλµ are deformation
parameters. In this case λ is equal to 2, which is used for quadrupole deformation. If the
nucleus has axial symmetry then the calculation is independent of φ and thus
R(θ) = R0(1 + β2Y2,0(θ)), (2.6)
where β2 is the deformation parameter and relates to the shape of the nucleus. If β2
< 0 then the nucleus is oblate and if β2 > 0 the nucleus is prolate. The more deformed a
nucleus is the larger the magnitude of β2. If non-axially symmetric shapes are included the
the variable γ can be defined. This specifies the asymmetry of the system, giving;
α20 = β2cosγ, (2.7)
α21 = α2−1 = 0, (2.8)
α22 = α2−2 =
β2sinγ√
2
. (2.9)
If γ = 0 ◦ this gives rise to a prolate nucleus and if γ = 60 ◦ then the nucleus is oblate.
For all other values of γ there would be no axis of symmetry and the nucleus would be
triaxial in shape.
The Nilsson model describes single-particle orbits in deformed nuclei. The Nilsson
Hamiltonian is based on a simple harmonic oscillator potential but is altered to include a
flattening of the base of the harmonic oscillator to create a more realistic potential. The
Nilsson Hamiltonian is derived as
Hˆ = − ~
2
2m
∇2 + m
2
(ω2xx
2 + ω2yy
2 + ω2zz
2)− 2κ~ω0(l.s− µ[l2 − 〈l2〉N ]), (2.10)
9Where l.s is the spin-orbit term, [l2 − 〈l2〉N ] describes the flattening of the nuclear
potential and κ and µ are the strengths of these terms. ωx,y,z are one dimensional oscillator
frequencies related to the deformation. In the case of an axially symmetric nucleus ωx = ωy.
The solutions to the Nilsson Hamiltonian depend greatly on the deformation parameters and
some calculations are shown in Fig. 2.4 and Fig. 2.5.
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Figure 2.4: Nilsson diagram for protons appropriate for the region, 50 6 Z 6 82 (4 = 22/6)
[4].
11
Figure 2.5: Nilsson diagram for neutrons appropriate for the region, 826 Z 6 126 (4 = 22/6)
[4].
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Figure 2.6: Diagram showing the quantum numbers used for deformed nuclei that are axially
symmetric.
In deformed nuclei the usual quantum numbers l and s are no longer ‘good’ quantum
numbers. The orbitals are instead described in terms of Ωpi[NnzΛ]. Here Ωpi is the projection
of the total angular momentum of the single particle on the symmetry axis and its parity,
N is the principal quantum number, nz is the number of oscillator quanta along the z axis
and Λ is the projection of the single-particle orbital angular momentum on the symmetry
axis. Ω can be described as a good quantum number due to the axial symmetry of these
deformed nuclei. N , nz and Λ are known as asymptotic quantum numbers, which means
they are ‘good’ at large deformation. There are other quantum numbers related to deformed
nuclei, in this work the quantum number K is of particular interest. K is the sum of Ω of
all of the unpaired nucleons and is equivalent to the projection of the intrinsic nuclear spin
onto the symmetry axis.
2.0.2 Rotation
Rotational motion in deformed nuclei can generate angular momentum. The total angular
momentum, I, of a nucleus is given by
13
I = I +R (2.11)
where J is the total intrinsic angular momentum of the valence nucleons and R is the
angular momentum generated by the collective rotation perpendicular to the symmetry axis.
The energy of a rotating quantum system is given by
E =
~2
2=I(I + 1), (2.12)
where = is the moment of inertia and I represents the angular momentum quantum
number. Adding rotational energy to the nucleus increases I and this leads to the formation
of a series of excited states known as rotational bands. For an even number of protons and
neutrons the ground state energy is always 0 and the state is 0+.
The rotational energy for non yrast states is given by
E =
~2
2= [I(I + 1)−K
2], (2.13)
and the rotational frequency for a nucleus is defined as
~ω =
dE
dIx
(2.14)
where Ix is the component of the angular momentum projected onto the rotation axis
and is given by
Ix =
√
I(I + 1)−K2 (2.15)
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2.0.3 Radiation
Gamma Decay
When an excited nucleus decays from a higher energy state to a lower one it release energy
in the form of γ photons. Information about the structure of a nucleus can be gathered by
studying the γ photons from a particular nucleus . γ emission has a competing mechanism in
the form of internal conversion. This can only take place in the presence of atomic electrons.
In this case the energy of the nucleus is transferred to an atomic electron which is then
ejected from the atom; these are known as conversion electrons.
Beta Decay
β-decay has two types, β− and β+. β− occurs in neutron-rich nuclei in a process that converts
a neutron to a proton, releasing an electron, known as a β− particle and an anti-neutrino,
such that
n→ p+ e− + ν¯. (2.16)
β+ occurs in neutron-deficient nuclei, where a proton is converted to a neutron and
releases a positron, or β+ particle and a neutrino. The process is defined by
p→ n+ e+ + ν. (2.17)
When a nucleus decays by β-decay it usually decays to a excited state in the daughter
nucleus that will subsequently decay to the ground-state via γ-ray emission. The competing
mechanism for β+-decay is electron capture. Here a neutron-deficient nucleus captures an
atomic electron and converts a proton to a neutron. This is a two-body decay process defined
by
p+ e− → n+ ν. (2.18)
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This processes also requires the presence of atomic electrons.
Characteristic X-rays
Both of these competing processes can lead to the production of characteristic X-rays, which
are of interest as each element has its own characteristicX-rays and so can be used to identify
elements. These X-rays are emitted when there becomes a vacancy in the electron shell of
the atom, usually the K or L shells, and another electron falls to fill the gap. The energy
difference is released as X-rays. Characteristic X-rays can also be produced whenever a high
energy particle knocks an electron from an atom. It is also possible for this energy to be
transferred to another electron instead of emitting X-rays. This electron is ejected from the
atom and is known as an Auger electron.
2.0.4 Nuclear Isomers
When a nucleus is created in an excited state de-excitation usually occurs within picoseconds.
This de-excitation typically results in the emission γ-rays or conversion electrons. Sometimes,
however, this process can be inhibited. If this occurs de-excitation can take anything from
nano-seconds to years. These long-lived excited states are called nuclear isomers and are
also known as metastable states. Nuclear isomers are named in analogy to chemical isomers.
Chemical isomers have the same components but a different structure, nuclear isomers have
the same constituents but different energies. The term isomer is usually applied to states
that have a half-life of more than a nanosecond [1].
Angular momentum is quantised so only certain units of angular momentum are allowed
in these transitions. This leads to angular momentum selection rules [2]
|Ii − If | ≤ L ≤ Ii + If . (2.19)
However there are no L=0 γ-ray transitions due to γ photons having an intrinsic spin
of 1. Whether a transition is electric or magnetic depends on the whether or not there is a
parity change between the initial and final states. When an excited state de-excites through
the emission of a γ photon the excess angular momentum and energy is carried away by
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this photon. Since angular momentum has to be conserved the amount carried away by the
photon has to be equal to the difference between the initial state and the final state. The
greater the difference in spin the higher the multipole needed. When a single particle orbit
has a high multipole transition a high multipole is needed. Lower multipolarity orders are
more likely than higher ones, as can be seen from the Weisskopf estimates below [4].
λ(E1) = 1.0× 1014A 23E3, (2.20)
λ(E2) = 7.3× 107A 43E5, (2.21)
λ(E3) = 34A2E7, (2.22)
λ(E4) = 1.1× 10−5A 83E9, (2.23)
λ(M1) = 3.2× 1013E3, (2.24)
λ(M2) = 2.2× 107A 23E5, (2.25)
λ(M3) = 10A
4
3E7, (2.26)
λ(M4) = 3.3× 10−6A2E9, (2.27)
where λ is in s−1 and E is in MeV .
K isomers, which are the subject of this work, occur in deformed nuclei. Closed shell
nuclei are almost spherical in the ground state and at low excitation energies. Isotopes far
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from closed shells tend to be prolate in shape with axial symmetry. These nuclei rotate about
an axis perpendicular to the symmetry axis. The core of the nucleus, up to the last closed
shell is spherical and so does not rotate, the rotation comes from nucleons outside this ‘core’
and broken pairs of nucleons can generate angular momentum along the symmetry axis. If
the nucleus was a perfect rotor K would be conserved. However K is not conserved due
to the Coriolis effect. The angular momentum of the orbiting nucleons tries to align with
the collective rotation. If the angular momentum of the single-particle orbit aligns to the
symmetry axis then K is large. For this to then align to the collective rotation the change
in K will be large. This requires a high multipolarity and thus a low transition rate, leading
to a long lived isomer. Transitions where the change in K is larger than the multipolarity
are known as K forbidden. The greater the difference between multipolarity and the change
in K the greater the degree of forbiddeness, ν. This is easily calculated using
ν = ∆K − L (2.28)
where L is the multipolarity.
The degree of forbiddeness can be used in calculation of the reduced hindrance, f ν .
f ν = (FW )(1/ν) (2.29)
where FW is the ratio of the partial γ half-life of the transition and the Weisskopf half-life
estimate
FW = T γ1/2/T
W
1/2. (2.30)
The Weisskopf half-life estimate can be calculated from the Weisskopf transition rate λ using
TW1/2 = ln2/λ (2.31)
K isomers tend to have a large Weisskopf hindrance. This indicates that K remains a
good quantum number
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The reduced hindrance is a measure of the ‘goodness’ of the K quantum number and
is also known as the hindrance per degree of K-forbiddeness. A typical reduced hindrance
value used would be f ν = 100 [31]. However there can be large variations in the reduced
hindrance such as the 176W, Kpi = 14+ isomer that has an f ν = 2.4 and the 178Hf, Kpi =
16+ isomer with an f ν = 66 [32]. These variations indicate nuclear structure effects which
are greatly sensitive to small admixtures of different K values.
K mixing
K isomers decay by ‘K-forbidden’ transitions, which implies there must be some degree of
mixing of the K-projection values for the transitions to take place. For multi-quasiparticle
isomers there are three possible mechanisms of K mixing [33]. These are Coriolis mixing,
γ-deformation tunnelling and level density effects. Coriolis mixing occurs because a rotating
nucleus is not an inertial reference frame and so the orientation of a nucleons orbit is modified
by the rotation of the nucleus; much like the winds on the Earth [33]. This Coriolis effect
causes rotational alignment as individual nucleons tend to align their orbital motion with
that of the collective rotation. Coriolis mixing is most important in low-Z, low-N nuclei.
The effect that has more impact on high-Z, high-N nuclei is γ-deformation tunnelling. This
effect occurs when there is a change of shape between the initial and final states and one of
these states has no axial symmetry. Level density can also cause K mixing and the effect is
more significant at higher excitation energies as the level-density increases with energy.
2.0.5 Branching Ratios and g-factors
When a particular state decays it can either release energy via γ emission or internal con-
version (there are also a number of other ways that are not relevant to this work). Internal
conversion requires the presence of atomic electrons, so in the case of a fully ionised nucleus
the transitions will be purely γ emissions. States can decay by multiple energy transitions.
The total half-life of the state is made up of the partial half-lives of each decay branch. The
partial half-life of each decay can be calculated from the total half-life and the branching
ratio of the transition using the equation
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T γ1/2 = T1/2/BR, (2.32)
where BR is the branching ratio of the transition, T γ1/2 is the partial half-life of the γ
transition and T1/2 is the total half-life of the state.
The intrinsic gyromagnetic ratio, gK , of a rotational band can be calculated using [34]
|gK − gR| = Q0 0.93E1√
(I2 − 1)δ , (2.33)
where gR is the rotational g-factor, Q0 is the intrinsic quadrupole moment, δ is the
quadrupole/dipole mixing ratio and E is the transition energy in MeV . |gK − gR|/Q0 is
constant for a given rotational band and gR can be easily approximated using
gR ≈ Z/A (2.34)
The mixing ratio can be calculated using
q =
δ2
1 + δ2
=
2K2(2I − 1)
(I + 1)(I − 1 +K)(I − 1−K)(
E1
E2
)5λ (2.35)
where q is the quadrupole admixture, and λ is the γ transition intensity ratio, T2/T1,
subscript 1 refers to the I to I−1 transition and subscript 2 refers to the I to I−2 transition.
and Q0 can be found using
Qobs =
3K2 − I(I + 1)
(I + 1)(2I + 3)
Q0 (2.36)
where Qobs is the spectroscopic quadrupole moment and is found through experiment.
This gK value can then be compared to the theoretical value calculated using
KgK = Σ(ΛgΛ + ΣgΣ) (2.37)
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Λ is the projection of the nucleon orbital angular momentum and Σ is the projection of
the nucleon intrinsic angular momentum. This equation can be applied to both protons and
neutrons and the g-values are well known [2]. gnΛ = 0, g
p
Λ = 1, g
n
Σ = −3.83 and gpΣ = 5.59.
However, the intrinsic values are modified by a quenching factor of 0.6 to allow for the effect
of the nuclear medium.
2.0.6 MQP Calculations
Multi-quasiparticle (MQP) calculations are used to calculate the energies of multi-
quasiparticle states in deformed nuclei. These calculations use BCS theory, named after
Bardeen, Cooper and Schrieffer who proposed it [35]. The theory was originally used to de-
scribe superconductivity in metals but can also be used to describe the pairing interactions
of nucleons [36]. For use with multi-quasiparticles the theory has been altered to include
blocking. If an orbit is singly occupied, paired particles cannot scatter into it. This level is
said to be blocked and must be removed from the calculation. This lowers the pairing energy
and is important for accurate MQP calculations. The output given by the program is taken
as the sum of the proton and neutron energies. There are also residual interactions, such as
intrinsic spin couplings, that are not taken into account. This interaction favours parallel
couplings for unlike nucleons and anti-parallel couplings for like nucleons [37]. The energies
of the quasiparticles for elementary excitations are given by [38]
Eα =
√
(α − λ)2 + ∆2, (2.38)
here α denotes a deformed Nilsson state, α is the corresponding single-particle energy,
λ is the Fermi energy and ∆ is the pair gap and is given by
∆ = G
Ω∑
α>0
uαvα (2.39)
where G is the pairing strength and describes the interaction between the nucleons that
comprise the pair and is (ideally) independent of N and Z. This is different for protons
and neutrons and they are denoted as Gpi and Gν , respectively. Ω is the number of levels
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and v and u are the probability amplitudes of the single-particle states to be occupied and
unoccupied respectively. For the present work, a code developed by Jain et al. [38] was used
to calculate the MQP energies for given N and Z values, using deformations from Möller et
al. [39].
An example of the output data from the BCS calculations can be seen in the appendix.
3 Experimental Technique
3.0.1 Radioactive Ion Beam Production by ISOL
When an beam of protons is fired at a thick, hot target the nuclei undergo what are known
as fragmentation reactions and the nuclei break apart. Fragmentation reactions are done
at high beam energies ∼1 GeV which means that the nuclei are together for the shortest
possible time, roughly 10−22 s, which is approximately the orbital period of a single nucleon.
During this reaction the nuclei created are thermalised in the target, they then diffuse and
desorb within the target and reach the surface where they are ionised. This allows the ions
to be re-accelerated after leaving the ion source. This reaction was used to create the 184Hf
at CERN.
3.0.2 Fusion-Evaporation Reactions
These types of reactions occur when the beam hits the target with an energy above the
Coulomb barrier. This results in the formation of a compound nucleus. The compound
nucleus then evaporates excess nucleons, leaving a nucleus in an excited state. This nucleus
then γ-decays. This is the reaction used to create 173Ta in the experiment at ANU.
3.0.3 High-Purity Germanium Detectors (HPGe)
HPGe detectors are a type of semiconductor detector. The energy deposited in the crystal
by the γ photon causes electron-hole pairs to move though the crystal. In an applied electric
field this motion generates the current pulse from the detector. There are two types of
HPGe detectors, n-type and p-type. The n-type has a higher concentration of electrons in
its conduction band and the p-type has a higher concentration of holes in its valence band.
This type of detector needs to be kept at very low temperatures using liquid nitrogen as
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at higher temperatures the electrons are able to gain enough thermal energy to cross the
band-gap without the need for a γ photon.
3.0.4 Scintillator Detectors
These types of detectors detect ionising radiation though the scintillation of light in certain
materials. Examples of scintillator materials include sodium iodide (NaI) and bismuth ger-
manate (BGO). These types of detectors require photo-multiplier tubes (PMTs) to produce
an electrical signal that can be detected. NaI detectors are often used for γ-ray detection
due to their higher light yield and BGO detectors are usually used for Compton suppression
as their high density increases the likelihood of the absorption of all γ photons.
3.0.5 Gamma-ray Interactions
There are three main types of interactions γ photons can have with matter; photoelectric
absorption, Compton scattering and pair production.
Photoelectric absorption occurs when a γ photon interacts with an atom and the full
energy of the photon is transferred to the atom. This results in the ejection of an energetic
photoelectron, usually from the K-shell of the atom. This can only happen with bound
electrons. The energy of this photoelectron is
Ee− = hν − Eb (3.1)
where Eb is the binding energy of the electron in its shell.
Compton scattering is another interaction that can occur between γ photons and elec-
trons in the absorption material. The incoming γ photon is deflected through an angle, θ,
with respect to its original trajectory and some of its energy is transferred to the electron.
This electron is known as a recoil electron and, as all angles of scatter are possible for the γ
photon, can have an energy ranging from zero to a large portion of the γ photon energy.
hν ′ =
hν
1 + hν
m0c2
(1− cosθ) (3.2)
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where m0c2 is the rest-mass energy of the electron (0.511 MeV ).
Figure 3.1: Compton Scattering [2].
This scattering effect can cause problems for γ spectroscopy as the partial deposition of
γ energies leads to a continuous background in the energy spectra and can obscure weaker
photopeaks. A method of reducing this background will be discussed later.
Pair production can happen if the γ photon energy exceeds that of double the rest mass
of an electron, which is 1.022 MeV . This interaction takes place in the Coulomb field of a
nucleus where the γ photon converts into an electron/positron pair. Any energy in excess
of 1.022 MeV is given as kinetic energy to the pair. The positron will then annihilate with
a nearby electron, producing annihilation photons of energy 511 keV . These annihilation
photons can then either deposit their energy or escape the detector. If one or both of the
photons escapes the detector then what are known as single or double escape peaks are seen
in the spectrum. A single escape peak is produced if only one of the annihilation photons
escapes the detector and it seen and 511 keV lower than the photopeak. The double escape
peak is produced if both the annihilation photons escape without being detected and is seen
at 1022 keV below the photopeak.
3.0.6 Compton Suppression
When high-energy γ photons interact with the detector their energy is deposited into the
detector and is registered as an event. However the photons do not always deposit all of
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their energy before they are scattered out of the detector’s active volume. These Compton
scattered γ photons result in incorrect energies being registered as events. For a clean
and accurate γ energy spectrum only true γ events should be recorded. These Compton
scattered events can be removed by surrounding the HPGe detectors with another detector
and rejecting events if a coincident event is detected in the surrounding detector. Bismuth
Germanate (BGO) scintillators are often used for this purpose as the high density 7.13
g/cm3 and atomic number (Z = 83) means it is unlikely for γ photons to scatter out of these
detectors.
3.0.7 Coincidences
Gamma-Gamma Coincidence
γ-γ coincidences can be used to deduce the level scheme of a nucleus. γ photons that occur
in coincidence are often part of the same rotational band. Fig. 3.2 shows what happens when
a particular γ energy is chosen and gated on. In this case two γ-rays from the well known
173Ta 9/2− rotational band have been chosen. The top spectrum is gated on the 165.90 keV
γ-ray. As this photon is not in coincidence with itself it cannot be seen, the other γ energies
show up very well. The bottom spectrum is gated on the 139.96 keV γ-ray. This is also not
in coincidence with itself and cannot be seen, but the 165.90 keV peak is now visible. Also
visible on this spectrum is the 355.56 keV peak, which is missing from the top spectrum.
This is an E2 transition that cannot occur in coincidence with the 165.90 keV photon.
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Figure 3.2: Showing the effects of gating on the 165.9 keV γ-ray and the 139.9 keV γ-ray.
This can be compared to the to the level scheme of the 9/2− band shown in Fig. 3.3.
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Figure 3.3: The 9/2− band in 173Ta [5].
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Using this method a picture can be constructed of how all the γ photons from the
decaying nucleus fit together.
Beta-Gamma Coincidence
Using germanium detectors for γ-ray detection and scintillators for β-decay detection allows
β-γ coincidences to be detected. As a β-decaying nucleus usually decays to an excited state
in the daughter γ photons will be emitted in coincidence with β particles. This process is
useful for removing unwanted background counts or for low count rates.
Time-Gamma Coincidence
Time-γ coincidence is used for half-life measurements. If a gate is placed on γ-rays before
and after the decay of interest using early and delayed spectra, then the time-γ spectrum
produced will show an exponential decay curve. From this the half-life can be calculated as
N(t) = N0e
−λt, (3.3)
where N is the number of undecayed nuclei present, λ is the decay constant and t is time
and
T 1/2 = ln2/λ. (3.4)
4 184Hf Experimental Set-up and Pro-
cedure
4.0.1 ISOLDE, CERN
The CERN facility itself consists of a series of accelerators for proton acceleration. Proton
beams are created by stripping hydrogen atoms of their electrons and then accelerating
them in the linear accelerator LINAC2. This proton beam is then passed to the Proton
Synchrotron Booster (PSBooster), then on to the Proton Synchrotron (PS), Super Proton
Synchrotron (SPS) and finally the Large Hadron Collider (LHC). For experiments conducted
using the ISOLDE facility protons are taken from the PSBooster.
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Figure 4.1: The PSBooster is a stack of four small synchrotrons that accelerate protons
injected from LINAC [6].
Creating the Radioactive Ion Beam
The protons leave the PSBooster with an energy of 1 GeV and are incident on a Ta/W/Ir
target. This creates a cocktail of isotopes through spallation/fragmentation. As hafnium
cannot be surface ionised a hot plasma ion source is used. Also, due to the refractory nature
of hafnium it is not possible to extract short-lived atomic hafnium ions. To counter this a
CF4 leak is used to fluorinate the hafnium ions, making them more volatile and allowing
extraction from the target [40, 41, 42]. The time it takes for the hafnium to diffuse out of
the ion source puts a lower limit on the half-lives that can be observed, ∼1 s [42]. This
molecular beam is then accelerated to 30 keV using high voltage and the isotope of choice
can be selected and separated by mass using the General Purpose Separator (GPS). The
GPS consists of a single bending magnet that can be adjusted for mass, and as the beam
is molecular this can lead to other molecules of different, unwanted species (ground states
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and isomers), also being selected. Examples of such species include oxides and hydroxides
of lutetium as these can have the same mass as the HfF+3 .
Figure 4.2: The ISOLDE Facility beamlines. For this experiment the beam travelled from
the GPS to LA1, circled in red, where the experimental set-up was located.
Experimental Set-Up
The experimental aparatus comprised of two stations; the implantation point and the decay
point. Two HPGe detectors were placed at the implantation point for γ-γ coincidence and
two plastic scintillators with PMTs for β-β coincidence. The decay point had one HPGe
detector and one scintillator for γ-β coincidence. The two stations were connected by a tape
system. The beam was implanted onto the tape at the implantation point and then moved to
the the decay point to measure a longer decay time. The tape cycle was set to optimise the
chance of seeing the half-life of interest. Each cycle consisted of a beam-on time, a beam-off
time and then tape movement. The set-up was constructed specifically for this experiment
and is shown in Fig. 4.3. Fig. 4.4, Fig. 4.5 and Fig. 4.6 show the tape set-up in more detail.
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Figure 4.3: Schematic diagram of the experimental set-up used [7].
Figure 4.4: This is the tape at the implantation station. This would be covered during
operation to maintain the vacuum.
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Figure 4.5: This is the tape box, these spools moved the tape and allowed to tape movement
to be controlled.
Figure 4.6: This is the tape at the decay station.This would also be covered during operation.
5 184Hf Data Analysis
The data from the 184Hf experiment performed at ISOLDE, CERN was analysed with the
analysis program ROOT. This program allowed the data to be viewed under various β, γ
and time gates. Unfortunately it was not possible from the data to determine whether or
not isomeric 184Hf had been produced in the reaction.
The well-known, Kpi = 8− isomer of 184Hf has a half-life of 48 s. Although the lower
limit for observable half-lives is ∼1 s [42], this is when the ion source is running at the highest
temperature. To prevent the iridium in the target from melting the ion source had to be run
at a lower temperature, which would have led to a longer diffusion time for the molecules
out of the ion source. It seems likely that the 8− isomer decayed before it was able to diffuse
out. However the new isomer of interest had an observed half-life of 12 minutes [24, 25] and
so should have been able to diffuse out of the ion source had it been produced. The problem
of identification of the new isomer arose due to the molecular nature of the beam. 184Hf is
extracted out of the ion source as the molecular ion HF+3 [42] and shares its mass with oxides
and hydroxides of 166Lu and 168Lu. These two isotopes were very strongly produced in the
ion source, particularly 168Lu, which was seen in both its ground and isomeric states. The
decay of these isotopes dominates the observed spectra, as can be seen in Fig. 5.1
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Figure 5.1: Spectrum from the HPGe detector at the decay station before any gating. The
large peaks at 87.7 keV , 111.8 keV and the 198.8 keV are from the decay of 168Lu, many of
the smaller peaks can also be assigned to this isotope. The peaks at 139.1 keV , 181.0 keV
and 344.9 keV are associated with the decay of 184Hf.
Both of these luticium isotopes decay via β emission and so β-γ gating was unable
to reduce the contamination enough to identify new peaks. The contamination was also a
problem for γ-γ gating as, due to how strongly they were produced, there were too many
random coincidences for any true coincidences to be identified. The second isomer is thought
to have Kpi = 15+ [24, 25] and so may not have been very highly populated, increasing the
difficulty of identification.
It was, however, possible to verify the production of 184Hf in its ground-state. This
could be achieved by using β-γ and time gatings. The half-life of 168mLu is only 6.7 minutes
and so with a tape cycle of 20 minutes much of the 168mLu had decayed within the first 10
minutes, as is shown in Fig. 5.2
By setting time gates to cut out the first half of each tape cycle, as indicated in Fig. 5.2,
and including beta gating the peaks at E = 139.1 keV , 181.0 keV and 344.9 keV , which are
associated with the decay of 184Hf, can easily be identified in Fig. 5.3.
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Figure 5.2: Time spectrum for the decay station. At the start of each tape cycle there are a
large number of counts, as time passes the activity drops off as the short lived species decay.
When the tape is moved again the count rate goes up and the cycle repeats. The red lines
indicate the time gates added. The arrows represent the sections cut out. Gates were taken
from each tape cycle.
Figure 5.3: Spectrum from the HPGe detector at the decay station after β and time gating.
The peaks are 139.1 keV , 181.0 keV and 344.9 keV associated with ground-state 184Hf can
be clearly seen. The 168Lu peaks at 87.7 keV and 198.8 keV are also still very visible.
The 184Hf ground-state decays by 100% β− decay to 184Ta. The γ-rays associated with
the 184Hf ground-state β-decay are from γ-decays of excited states in 184Ta. The 139 keV ,
181 keV and 344 keV peaks are from the main γ-rays seen in the decay of the excited states
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in 184Ta. The level scheme of 184Ta showing the associated γ-rays is shown in Fig. 5.4. The
other peaks seen in the spectrum are from the β+ decay of 168Lu to 168Yb.
Figure 5.4: Level scheme for 184Ta [8].
6 173Ta Experimental Set-up and Pro-
cedure
6.0.1 Australia National University (ANU)
Figure 6.1: An overview of the Heavy Ion Facility at the Australian National University [9].
The facility at ANU includes the 14UD pelletron accelerator, which uses sulphur hexafluoride
as insulation gas and can exceed operating voltages of 15.5 MV . Stable ion beams can be
produced by the Source of Negative Ions by Caesium Sputtering (SNICS-II) ion source or
the Multi-Cathode SNICS if more than one beam species is needed. The beams are then
fed into a high-resolution injector system and a comprehensive pulsing system. The beam
is compressed into pulses less then 1 ns wide and is injected into the accelerator. Once
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accelerated these beams can be directed to any one of 11 target/detector stations. More
detail can be seen in Fig. 6.2
Figure 6.2: Once the ions leave the ions source they are focused using the Einzel lens and are
magnetically steered to through slits to collimate the beam. The iris is used to control the
intensity of the beam. Next the beam enters the single-focusing inflection magnet and then
passes through the chopper and buncher. The electrostatic quadrupole is used to refocus
the beam before injection into the accelerator. The beam then leaves the accelerator at the
desired energy and can be directed to one of the target/beam stations using the switching
magnet.
Creating 173Ta
For this experiment the Multi-Cathode SNICS ion source was used. This produced a beam
of 10B− ions which were then accelerated to 68 MeV in the pelletron. The chopper/buncher
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system was programmed to produce pulses of 1 ns and which were separated by 1.7 µs. The
10B− beam was then incident on a 5 mg/cm2 self-supporting highly enriched (98%) 168Er
target foil which was placed at 45 degrees to the beam axis. The CAESAR Array surrounds
the target and was used for the detection of the γ-rays following the reactions. The main
yield from this was from the 168Er(10B,5n)173Ta reaction.
The CAESAR Array
The CAESAR array is a Compton suppressed array and is comprised of nine co-axial, n-
type HPGe detectors and two Low Energy Photon Spectrometers (LEPS). Six of the HPGe
detectors are placed in the vertical plane and are sideways mounted to optimise the Compton
suppression as is shown in Fig. 6.3. The three other HPGe detectors are mounted out of
the vertical plane. The Compton suppression is achieved with the use of BGO shields. The
LEPS detectors, which are used for better detection of X-rays and low energy γ-rays, are
also mounted out of the vertical plane. These are not Compton suppressed.
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Figure 6.3: CAESAR Array [10]. The six co-axial n-type, Compton suppressed HPGe
detectors are mounted at angles of ±48◦, ±97◦ and ±148◦ with respect to the beam axis.
Not shown are the three larger, forward facing Compton suppressed HPGe detectors that
are placed out of the plane at ±45◦ and +135◦. Also not included in the schematic are the
two unsuppressed LEPS detectors placed at -90◦ and -135◦ out of the plane.
6.0.2 Detector Efficiency
The efficiency of HPGe detectors changes as a function of energy with the efficiency being
greatest around 100 keV . After this the detector efficiency begins to drop off. This is due
to the highly penetrating nature of γ photons. The more energy the photon has the greater
the chances are that the photon will pass through the active volume without interaction.
Using larger crystals helps to attenuate the photons but transmission cannot be completely
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prevented. The efficiency of the detector can be measured using radioactive sources whose
energies and activities are known.
CAESAR Array.
The detectors were gain matched, the energy calibration was set to 0.5 keV per channel and
the time axis calibrated to 7.8 ns per channel. To get accurate results from the experimental
data the efficiency needs to be determined for the whole energy spectrum of interest. This
means using sources that cover a range of energies. For this experiment 152Eu, 133Ba were
chosen. Fig. 6.4 and Fig. 6.5 show the spectra of these isotopes.
Figure 6.4: 152Eu calibration spectrum.
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Figure 6.5: 133Ba calibration spectrum.
These peaks were then fitted using Radware’s GF3 program in order to obtain the
peak areas. The detector array’s efficiency can then be calculated at each energy by divid-
ing the peak area by the known intensity. The two spectra needed to be normalised so a
normalisation factor of 0.75 was multiplied by the efficiencies of the 133Ba peaks.
A plot of relative efficiency as a function of energy can now be made using the Radware
program EFFIT. This then applies the following equation
EFF = exp[(A+Bx + Cx2)
(−G) + (D + Ey + Fy2)]
(−G) (6.1)
where x = ln(Eγ/100), y = ln(Eγ/1000) and A, B, C, D, E, F and G are constant
parameters. The parameters A, B and C are used to describe the fit at energies around
100 keV and the parameters D, E and F describe the fit at energies around 1 MeV . G
is an interaction parameter between the two energy regions. Once the program has fitted
the spectrum and the constant parameters have been obtained the efficiency at any chosen
energy can be obtained - see Fig. 6.6.
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Figure 6.6: The efficiency curve for the CAESAR array.
The measurements of the known peaks can also be used to test the energy calibration
of the detectors.
7 173Ta Data Analysis
To analyse the data various 2-dimensional matrices were created using a sorting program.
These included a symmetric γ-γ matrix for γ-γ coincidence analysis, a non-symmetric ‘early-
delayed’ matrix, an ‘out of beam’ matrix and γ-time matrices for half-life measurements. The
early-delayed matrix was produced from events with a time difference between 233 ns and
976 ns. This allows events correlated with the decay of the isomer to be identified. The
out-of-beam matrix is used to look at events that occur between beam pulses.
Gamma-ray Identification
Using γ-γ coincidences the production of 173Ta could be verified. Fig. 7.1 shows the three
main rotational bands of 173Ta which can be compared to the level scheme in Fig. 7.2.
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Figure 7.1: The three main rotational bands of 173Ta [11].
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Figure 7.2: The level scheme for 173Ta [5]. Carlsson et al. assign X = 7 keV [11].
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Most of the γ-rays from the delayed spectrum are from the known isomeric 9/2− band.
As the isomer is known to feed into the 9/2− band [27] looking at this in the out-of-beam
spectrum shows other γ-rays associated with the decay of the isomer. Placing gates on the
252.8 keV , 231.2 keV , 189.5 keV and 166.3 keV γ-rays and combining the resulting spectra
show three new γ-rays with energies of 835.3 keV , 604.1 keV and 351.3 keV associated
with the decay of the isomer. These can be seen in Fig. 7.3. Note that the energies differ
significantly (∼5 keV each) from those reported by Andre et al. [27], and are shown in
Fig. 7.2. This group evidently had insufficient data to make reliable identifications.
Figure 7.3: The out of beam gating on the 9/2− band. Gates were placed on 252.8 keV ,
231.2 keV , 189.5 keV and 166.3 keV γ-rays. The γ peaks observed at 351 keV , 604 keV
and 835 keV that are not part of the 9/2− band.
Now that γ-rays from the decay of the isomer have been identified these can be used
to identify the structure above the isomer. This is done using the early-delayed matrix. By
placing gates on the 835.3 keV , 604.1 keV and 351.3 keV γ-rays in the delayed spectrum
and looking at the early spectrum associated γ-rays can be identified. This early spectrum
is shown in Fig. 7.4.
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Figure 7.4: Background subtracted spectrum showing the γ-rays above the isomer, gated
the on 350 keV , 604 keV and 835 keV γ-transitions. The peaks labelled in brackets are
unplaced.
New γ transitions have been identified in the structure above the isomer. These are
231.4 keV , 336.8 keV , 345.5 keV , 355.2 keV , 658.2 keV , 108.1 keV , 160.8 keV , 185.3 keV ,
all of these can be seen in Fig. 7.4. A transition of 681.3 keV has also been tentatively
identified and can been seen in Fig. 7.5.
Figure 7.5: Gate placed on the 321 keV γ-transition. A small peak at 681 keV can be
seen. The peaks labelled in brackets are unplaced but are not consistent with other gating
conditions.
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Building the Level Scheme
Placement of these new γ-rays into the level scheme can first be done by identifying where
in the 9/2− band each transition from the decay of the isomer feeds into it. This can be
done by placing a gate on each of the three γ-rays, 835.3 keV , 604.1 keV and 351.3 keV ,
individually and looking at the out-of-beam spectra produced.
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Figure 7.6: The out of beam gates for each γ-transition from the 21/2− isomer. These show
where each transition feeds into the 9/2− band.
These spectra can also be used, along with the relative intensity of each decay, to assign
a spin and parity to the isomer bandhead. As can be seen from Fig. 7.6 the 835 keV γ-ray
feeds into 17/2− band member, the 604 keV γ-ray feeds into the 19/2− band member and
the 351 keV γ-ray feeds into the 21/2− band member. Looking at the relative intensities
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of the transitions their multipolarities can be deduced. If all three γ-rays were or the same
multipole order then the highest energy γ-ray would be the strongest. However this is not
the case indicating a different multipolarity for the 835 keV γ-ray. This lower intensity also
indicates λ = 2 for 835 keV and λ = 1 for 351 keV and 604 keV . This would mean that
they had decayed from a band with a spin of 21/2. As the 835.3 keV transition is not of very
low relative intensity this favours an E2 transition over M2 and thus indicated a negative
parity of the state.
Most of the γ-rays identified in Fig. 7.4 as feeding into the isomer can be placed in a
single rotational band. However coincidence gating shows the 108 keV transition is not part
of that band and so there must be a separate band feeding into the isomer. If the 108 keV
transition were part of the rotational band then placing a gate on the 321 keV transition
would show the 108 keV . This is not the case as can be seen in Fig. 7.7, so the 321 keV
gamma cannot be in coincidence with the 108 keV γ-ray. The 108 keV has been added as a
separate band feeding into the isomer and has been tentatively been assigned a Kpi = 21/2+.
Figure 7.7: Gate placed on the 321 keV γ-transition. No peak at 108 keV can be seen,
indicating they are not in coincidence with each other. The peaks labelled in brackets are
unplaced but are not consistent with other gating conditions.
A problem arose when trying to identify transitions above this 108.1 keV transition.
There is also a well populated 5/2+ band in 173Ta, see Fig. 7.8, which has transitions very
close to this new 21/2+ state. However there is enough of a difference when gating on the
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160 keV γ-ray assigned to the 21/2+ and the 162 keV γ-ray from the 5/2+, as can be seen
in Fig. 7.9 and Fig, 7.10, to show they are two separate bands.
Figure 7.8: The 5/2+ rotational band of 173Ta [5].
54
Figure 7.9: A gate placed on the 160 keV γ-transition in the 21/2+ band showing the other
γ-transitions in coincidence.
Figure 7.10: A gate placed on the 162 keV γ-transition in the 5/2+ band. The other γ-
transitions in this band are clearly seen and it is noticeably different from the spectrum
produced by a gate on 160 keV .
Putting a gate slightly lower, at 107 keV instead of 108 keV , helped cut out a lot of the
γ-rays from the 5/2+ band. This gives a better idea of the transitions feeding into the 108.1
keV band. This results in low statistics and a high margin for error, but, as Fig. 7.11 shows,
more transitions can be identified, including possible E2 cross-over transitions. In particular
there is a peak at 346 keV which was not present when gating on the 160 keV γ. This adds
evidence to this being a cross-over transition from 25/2+ to 21/2+ as this transition would
not be in coincidence with the 160 keV γ-ray.
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Figure 7.11: A gate placed on 107 keV to try and to cut out some of the peaks from the
5/2+ band. The γ-transitions from the 21/2+ band can be seen, as well as a peaks at 346
keV and 394 keV .
The final level scheme produced can be seen in Fig. 7.12. More information on the new
γ-transitions can be seen in table 7.1
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Figure 7.12: Partial level scheme for 173Ta about the 9/2− bandhead, showing transitions
related to the Kpi = 21/2− three-quasiparticle isomer. The 9/2− bandhead has been placed
at 173 keV in accordance with Carlsson et al. [11].
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This isomeric structure is also very similar to that of 175Ta, as can be seen in Fig. 7.13.
The 21/2+ state in 175Ta does have a half-life of 0.9 ns associated with it [43] while no
half-life could be measured for the 21/2+ state in 173Ta. However the experiment was set
up to measure much longer half-lives so would not have been sensitive enough to measure a
half-life on the scale of that of the 21/2+ state in 175Ta.
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Figure 7.13: Partial level scheme for 175Ta [12]. This shows a similar isomeric structure to
the newly identified structure in 173Ta.
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Table 7.1: Table of the new γ-transitions related to the Kpi = 21/2− three-quasiparticle
isomer in 173Ta
Eγ (keV ) Iγi I
γ
f λ γ intensity total intensity αtot [16]
351.3(2) 21/2− 21/2− M1 6.573 7.440 0.132
604.1(2) 21/2− 19/2− M1 24.355 25.133 0.032
835.2(2) 21/2− 17/2− E2 10.763 10.831 0.006
321.4(2) 23/2− 21/2− M1 1.026 1.198 0.168
336.8(2) 25/2− 23/2− M1 0.828 0.950 0.148
345.5(3) 27/2− 25/2− M1 0.270 0.305 0.138
355.2(2) 29/2− 27/2− M1 0.163 0.183 0.128
658.2(2) 25/2− 21/2− E2 0.054 0.054 0.010
108.1(4) 21/2+ 21/2− E1 0.274 0.357 0.3
160.8(6) 23/2+ 21/2+ M1 0.146 0.311 1.13
185.3(11) 25/2+ 23/2+ M1 0.225 0.382 0.7
346.6(6) 25/2+ 21/2+ E2 0.117 0.123 0.054
Half-Life Calculations
The half-life of the state was measured using the γ-time matrix. By gating on specific γ-rays
in this matrix a time spectrum can be produced. Gates are placed on γ-rays feeding into and
decaying out of the isomer. These were 321 keV , 337 keV , 345 keV and 355 keV in the early
spectrum and 351 keV , 604 keV , 835 keV and 231 keV in the delayed spectrum. Background
subtraction was also included. The γ-time spectrum produced shows an exponential decay
curve which produces a straight line when the y-axis is logarithmic. See Fig. 7.14.
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Figure 7.14: Background subtracted time spectrum the for 21/2− isomer used to calculate
the half-life of 148(9) ns. Gates were placed on 321 keV , 337 keV , 345 keV and 355 keV in
the early spectrum and on 351 keV , 604 keV , 835 keV and 231 keV in the delayed spectrum.
This spectrum was fitted with gnuplot using equation
f(x) = a exp(−(x− 2000)
b
) (7.1)
where a and b are free parameters.
From this b equates to the mean life-time, τ . As T1/2 = ln2/λ and λ = 1/τ the half-life
can be calculated. This also needs to be multiplied by 7.8 due to the timing calibration used
in the experiment. The half-life was calculated to be 148(9) ns.
To check accuracy of the half-life measurement the half-life of the known 225 ns 9/2−
isomer was measured using the same method. The calculated half-life came out as 202(6)
ns. This compares well the previously measured value of 225(15) ns [44].
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Figure 7.15: Background subtracted time spectrum for the 9/2− isomer. A half-life of 202
ns was extracted from this decay time.
8 Discussion
8.0.1 Multi-Quasiparticle (MQP) Configuration Assignment
In-band γ-ray branching ratios are commonly used in the assignment of quasiparticle con-
figurations to rotational bands [34]. These branching ratios are used to obtain values of |(gK
- gR)|/Q0. Previous work had been done by Carlsson et al. [11] on the Kpi = 9/2− band,
and used gR = 0.40 and Q0 = 7.0 eb. Using these values and their branching ratio values
gK is calculated to be 1.17(6), assuming an uncertainty of ±0.05 in gR [34, 45]. This can be
compared to the theoretical estimate of gK for the Nilsson 9/2−[514] configuration. Using
KgK = ΛgΛ + ΣgΣ and multiplying gΣ by an additional factor of 0.6 as a quenching factor
to account for the nuclear medium the theoretical estimate of gK = 1.26. This compares well
with the experimental value gk = 1.17(6). As these are in satisfactory agreement the same
gR and Q0 values can be used for the Kpi = 21/2− band. For this the gamma branching
ratio from the 25/2− band member was used. Iγ(658 keV )/Iγ(337 keV ) = 0.065(18). Again,
using gR = 0.40 and Q0 = 7.0 eb the calculation gives gK = 1.25(12).
Further insight into the MQP configuration can be obtained using BCS calculations.
The calculations show the most energetically favourable three-quasiparticle configuration has
the three-proton structure {pi9/2−[514]⊗pi7/2+[404]⊗pi5/2+[402]} with a Kpi = 21/2−. This
Kpi matches the experimental value calculated earlier. The theoretical Nilsson model g-factor
calculations for this configuration give gK = 1.11, which is in satisfactory agreement with the
experimental value of 1.25(12). These calculations where run with a variety of values for the
deformation parameters, 2 and 4 and pairing strengths Gν and Gpi, see Table 8.1. Looking
at the calculations made using 2 = 0.26, 4 = 0.04, Gν = 21/A MeV and Gpi = 24/A
MeV the calculated excitation value of the Kpi = 21/2− is 1694 keV which is close to the
measured energy of 1717 keV . This also calculates a {pi9/2−[514]⊗ν7/2+[633]⊗ν5/2−[512]}
configuration with Kpi = 21/2+. This configuration is 113 keV higher in energy and the
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theoretical gK = 0.32. Using the γ branching ratio from the 25/2+ band member, Iγ(345
keV )/Iγ(185 keV )=0.42(3) and the same gR and Q0 values, gK is calculated to be 0.57(10).
This compares reasonably well to the Nilsson model calculation, taking into account the
large uncertainties.
Table 8.1: Different combinations of 2,4, Gν and Gpi used in BCS calculations. 2 = 0.26,
4 = 0.04, Gν = 21/A MeV and Gpi = 24/A MeV were chosen.
E (keV ) 2 4 Gν (MeV ) Gpi (MeV )
907 0.25 0.04 20.00 21.00
1075 0.25 0.04 20.00 22.00
1182 0.25 0.04 21.5 22.5
1613 0.25 0.04 23.00 24.00
1811 0.25 0.04 23.50 24.50
1694 0.26 0.04 23.00 24.00
1824 0.27 0.04 23.00 24.00
1980 0.28 0.04 23.00 24.00
1694 0.26 0.04 21.00 24.00
8.0.2 Reduced Hindrance
The new 21/2− isomer has three K-forbidden transitions at 351 keV , 604 keV and 835
keV . The reduced hindrance (fν) has been calculated for each transition using the assigned
multipolarities. These figures can be seen in Table 8.2. Of particular interest is the fν value
for the 835 keV transition. As an E2 (ν = 4) transition fν = 12.5(4), however, if the transition
wereM2 then fν would be 4. This is too low when compared with the implied values of fν =
45 and fν = 48 for the 351 keV and 604 keV transitions as E1s. These fν calculations thus
show good consistency for the negative parity of the 21/2 state. Previous work done on the
decay rates from three-quasiparticle isomers in the A ≈ 180 region has shown a systematic
variation and has been discussed in [13]. It has been shown that the reduced hindrance
factors for E2 decays display a strong inverse dependence on excitation energy relative to
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a rigid rotor of appropriate mass, when all the quasiparticles are of the same type. As this
is the case for the Kpi = 21/2− isomer, which has a three-proton configuration, it has been
added to the previously compiled data. Fig. 8.1 shows the relationship between fν and EK-
ER for three-quasiparticle isomers with the same type of nucleons and now includes the fν
value of the ν = 4 transition (the filled square). It can be seen in this figure that the new
data point is consistent with the earlier analysis and adds support to the significance of this
correlation. This type of correlation has also been studied in higher quasiparticle isomers
[46, 47, 48, 49]. This effect can be interpreted [48] as a statistical K-mixing effect which
depends on the nuclear level density. As the level density increases so does K-mixing. It can
be inferred from Fig. 8.1 that once the isomer energy exceeds that of a rigid rotor of the same
spin by more than ≈ 1.3 MeV then K isomers with half-lives greater than ∼1 ns may cease
to exist due to the decrease of K hindrance at these energies. All the results determined in
this experiment fit well with the theoretical values calculated using BCS calculations.
Table 8.2: Properties of K-forbidden transitions from the Kpi = 21/2−, 148(9) ns isomer in
173Ta. Theoretical conversion coefficients are from Kibédi et al. [16].
Eγ (keV ) λ Irelγ αtot T
γ
1/2 (µs) ν fν
351.3(2) M1 27(2) 0.132 0.98(10) 5 18.1(4)
604.1(2) M1 100(5) 0.032 0.27(2) 5 19.3(3)
835.3(2) E2 45(4) 0.006 0.59(6) 4 12.5(4)
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Figure 8.1: Reduced hindrance, fν , shown as a function of excitation energy relative to
a rigid rotor of A atomic mass units, for E2 decays with ν ≥ 4, from three-quasiparticle
isomers in the deformed A ≈ 180 region. Numerical values are given in Table 8.3. The
triangles and square are for isomer configurations with three nucleons of the same type (3pi
or 3ν) and the circles correspond to isomers in 181W and 185Ta, where there is no consensus
regarding the configuration [13, 14, 15]. The new data point for 173Ta is represented by the
filled square, with fν = 12.5 and EK − ER = 970 keV . The rigid-rotor moment-of-inertia
reference is chosen as 85 ~2MeV −1 for A = 178, scaling as A5/3. The uncertainties in the fν
values are typically smaller than the data points.
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Table 8.3: Reduced hindrance values for E2 decays from three-quasiparticle isomers, with
ν ≥ 4 and with all three quasiparticles of the same nucleon type (though see footnote 1).
nuclide Kpi EK (keV ) EK − ER (keV ) Eγ (keV ) T1/2 T γ1/2 ν fν ref.
173Ta 21/2− 1717 970 835 148 ns 580 ns 4 13
175Ta 21/2− 1568 837 710 2 µs 10 µs 4 21 [43]
177Ta 17/2+ 1523 1044 890 6 ns 125 ns 4 10 [50]
181Ta 21/2− 1485 794 711 25 µs 150 µs 4 41 [51]
185Ta 1 21/2− 1274 608 280 12 ms 120 ms 4 71 [14]
179W 21/2+ 1632 928 884 390 ns 920 ns 4 15 [34]
181W 1 21/2+ 1653 962 1054 200 ns 2.2 µs 4 24 [15]
183W 19/2− 1746 1186 556 13 ns 60 ns 4 4.3 [52]
181Os 21/2+ 1744 1053 1213 7 ns 62 ns 4 12 [53]
The 2-proton {pi9/2−[514]⊗pi7/2+[404]} 8− excitation is observed to be isomeric in a
range of hafnium and tantalum isotopes. In the tantalum cases, 21/2− isomers are observed,
and the corresponding 8− energies can be obtained relative to their 5/2+ one-quasiparticle
states.
The graph in Fig. 8.2 shows how the measured energy varies with neutron number
for hafnium and tantalum isotopes for 2-quasiparticle excitations. The energies are give in
Table 8.4. It compares it with the expected energy of hafnium if the energy was based purely
on the odd-even mass difference. This shows that the energy variation with neutron number
is due to changes in the pairing energy rather than changing single particle energies. The
measured energy is much lower than the 2∆ pairing energy. This implies that there is a large
effect from blocking as blocking lowers the pairing energy. The new energy from the 173Ta
21/2− isomer fits well with this correlation. The correlation also indicates that the expected
21/2− isomer in 171Ta would be higher in energy than the 173Ta 21/2− isomer. This high
energy would make that isomer shorter lived and thus harder to find.
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Figure 8.2: Graph showing how the excitation energies in Hf and Ta isotopes varies with
neutron number. The energies and states are shown in Table 8.4.
Table 8.4: Energies for excitation energies of hafnium and tantalum isotopes with increasing
neutron number. The tantalum energies are calculated by subtracting the energy of their
5/2+ state from their 21/2− state to allow comparison of 2-quasiparticle energies. Also
included are the 2∆ proton energies for hafnium, taken from [17].
N Energy Hf 8− (MeV ) Energy Ta 21/2−-5/2+ (MeV ) 2∆ Hf protons (MeV )
98 2.184 - 2.74
100 2.006 1.713 2.58
102 1.798 1.530 2.42
104 1.559 1.284 2.26
106 1.147 1.014 2.16
108 1.142 1.003 2.08
110 1.173 1.018 -
112 1.272 0.856 -
1 There is no consensus regarding the 175Ta and 181W configurations [13, 14, 15].
9 Conclusion and Future Outlook
9.0.1 184Hf
184Hf was identified in its ground-state at ISOLDE, CERN. This could be validated by
the detection of γ-rays from the decay of excited states in 184Ta, the daughter nucleus.
Unfortunately the first isomer could not be detected. This is thought to be due to the lower
temperature used in the ion source, meaning the isomer would not have diffused out of the
ion source before it had decayed. The second isomer has a much longer measured half-life
and was expected to have left the ion source. The reaction to produce 184Hf also produced a
vast amount of 168Lu, in both its isomeric and ground-states. Due to the molecular nature
of the ion beam the 168Lu came through as oxide and hydroxide contamination. The γ-rays
from this isotope swamped the spectra and made the identification of the second 184Hf isomer
impossible.
A new experimental technique has recently been tested at Riken, Japan for producing
non-molecular beams of refractory elements. This uses the KEK Isotope Separation System
(KISS) [54] facility and uses laser resonance ionisation to ionise the reaction products. This
eliminates the need for the CF4 leak that contaminated this experiment. Good results have
been seen using this method for tantalum and it is hoped that this could be used equally well
for hafnium beams. Another possibility, (at ISOLDE), could be breaking up the molecules
produced in the production of the 184Hf beam in a trap such as REXtrap. After separation in
the trap the beam would then pass through a stage of mass separation which would remove
the lighter contaminants and produce a pure 184Hf beam.
9.0.2 173Ta
173Ta was produced in isomeric states using the 14UD pelletron accelerator at ANU, Can-
berra. The existence of the previously observed high lying isomer was confirmed. Three γ
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decay branches from the isomer were measured and their multipolarities deduced. An E2
transition was identified with Eγ = 835.3 keV and two M1s with Eγ = 604.1 keV and 351.3
keV . The half-life of the isomer was determined to be 148(9) ns with Kpi = 21/2−. The
structure above the isomer was also measured and gK = 1.25(12) calculated. The reduced
hindrance was also measured for each decay branch, these were fν = 12.5(4) for 835.3 keV ,
fν = 19.3(3) for 604.1 keV and fν = 18.1(4) for 351.3 keV . These fν values are consistent
with the other values found in the region, especially when viewed as a function of their
energy relative to a rigid rotor.
To look at the isomeric structure in more detail the experiment could be repeated using
a more efficient detector set-up that also has pulsing such as gammasphere. The increased
number of detectors would increase efficiency for detecting γ photons and thus the statistics,
making more of the structure above the isomer visible. This set-up would also make multifold
gating possible. This could separate the 5/2+ band from the 21/2+ band above the isomer.
This, along with improved statistics, would allow a more accurate measure of the gK value as
well as adding higher lying states. Different timing settings could also be used to determine
the half-life of the state depopulated by the 108 keV transition.
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Appendices
The following appendix contains an example of the output of the calculations from the BCS
program.
          
   EXAMPLE OF THE OUTPUT FROM THE BCS PROGRAM.
 
 
 
  MULTI-QUASIPARTICLE STATES IN A NUCLEUS WITH  A = 173  ,  Z =100  ,  N 
=   73
          G(n) = 20.00 / A   MeV          G(p) = 21.00 / A   MeV
 
 
 
          
__________________________________________________________________________________
 
          CALCULATIONS FOR 1 QUASIPARTICLE STATES  :   WITH  0  NEUTRONS AND  1  
PROTONS
 
 
          K^pi=  9/2-   E*=    0.00        Delta(n)=  914.48    Delta(p)=  654.90
                                Neutron States : 
                                Proton States  :  9/2[514] ,  
 
          K^pi=  7/2+   E*=   67.13        Delta(n)=  914.48    Delta(p)=  697.30
                                Neutron States : 
                                Proton States  :  7/2[404] ,  
 
          K^pi=  5/2+   E*=  122.36        Delta(n)=  914.48    Delta(p)=  678.87
                                Neutron States : 
                                Proton States  :  5/2[402] ,  
 
          K^pi=  1/2+   E*=  562.71        Delta(n)=  914.48    Delta(p)=  794.86
                                Neutron States : 
                                Proton States  :  1/2[411] ,  
 
          K^pi=  7/2-   E*= 1063.75        Delta(n)=  914.48    Delta(p)=  833.12
                                Neutron States : 
                                Proton States  :  7/2[523] ,  
 
          K^pi=  1/2-   E*=  973.34        Delta(n)=  914.48    Delta(p)=  760.82
                                Neutron States : 
                                Proton States  :  1/2[541] ,  
 
          K^pi=  3/2-   E*= 1324.47        Delta(n)=  914.48    Delta(p)=  775.08
                                Neutron States : 
                                Proton States  :  3/2[532] ,  
 
          K^pi=  1/2+   E*= 1374.38        Delta(n)=  914.48    Delta(p)=  776.75
                                Neutron States : 
                                Proton States  :  1/2[660] ,  
 
          K^pi=  3/2+   E*= 1541.00        Delta(n)=  914.48    Delta(p)=  781.82
                                Neutron States : 
                                Proton States  :  3/2[651] ,  
 
          K^pi=  3/2+   E*= 1735.30        Delta(n)=  914.48    Delta(p)=  860.20
                                Neutron States : 
                                Proton States  :  3/2[411] ,  
 
          K^pi= 11/2-   E*= 1758.59        Delta(n)=  914.48    Delta(p)=  787.49
                                Neutron States : 
                                Proton States  : 11/2[505] ,  
 
          K^pi=  1/2-   E*= 1795.98        Delta(n)=  914.48    Delta(p)=  788.37
                                Neutron States : 
                                Proton States  :  1/2[530] ,  
 
 
          
__________________________________________________________________________________
 
          CALCULATIONS FOR 3 QUASIPARTICLE STATES  :   WITH  0  NEUTRONS AND  3  
PROTONS
 
 
          K^pi= 21/2-   E*=  906.55        Delta(n)=  914.48    Delta(p)=    0.09
                                Neutron States : 
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 17/2+   E*= 1942.55        Delta(n)=  914.48    Delta(p)=    0.10
                                Neutron States : 
                                Proton States  :  9/2[514] ,   7/2[404] ,   1/2
[541] ,  
 
          K^pi= 27/2+   E*= 2777.55        Delta(n)=  914.48    Delta(p)=    0.09
                                Neutron States : 
                                Proton States  :  9/2[514] ,   7/2[404] ,  11/2
[505] ,  
 
          K^pi= 15/2-   E*= 1602.55        Delta(n)=  914.48    Delta(p)=    0.06
                                Neutron States : 
                                Proton States  :  9/2[514] ,   5/2[402] ,   1/2
[411] ,  
 
          K^pi= 21/2+   E*= 2172.55        Delta(n)=  914.48    Delta(p)=    0.09
                                Neutron States : 
                                Proton States  :  9/2[514] ,   5/2[402] ,   7/2
[523] ,  
 
 
          
__________________________________________________________________________________
 
          CALCULATIONS FOR 3 QUASIPARTICLE STATES  :   WITH  2  NEUTRONS AND  1  
PROTONS
 
 
          K^pi= 17/2+   E*= 1332.57        Delta(n)=  368.58    Delta(p)=  654.90
                                Neutron States :  7/2[633] ,   1/2[521] ,  
                                Proton States  :  9/2[514] ,  
 
          K^pi= 15/2-   E*= 1399.70        Delta(n)=  368.58    Delta(p)=  697.30
                                Neutron States :  7/2[633] ,   1/2[521] ,  
                                Proton States  :  7/2[404] ,  
 
          K^pi= 13/2-   E*= 1454.93        Delta(n)=  368.58    Delta(p)=  678.87
                                Neutron States :  7/2[633] ,   1/2[521] ,  
                                Proton States  :  5/2[402] ,  
 
          K^pi= 21/2+   E*= 1551.94        Delta(n)=  512.94    Delta(p)=  654.90
                                Neutron States :  7/2[633] ,   5/2[512] ,  
                                Proton States  :  9/2[514] ,  
 
          K^pi= 19/2-   E*= 1619.07        Delta(n)=  512.94    Delta(p)=  697.30
                                Neutron States :  7/2[633] ,   5/2[512] ,  
                                Proton States  :  7/2[404] ,  
 
          K^pi= 17/2-   E*= 1674.30        Delta(n)=  512.94    Delta(p)=  678.87
                                Neutron States :  7/2[633] ,   5/2[512] ,  
                                Proton States  :  5/2[402] ,  
 
          K^pi= 21/2-   E*= 2012.78        Delta(n)=  569.86    Delta(p)=  654.90
                                Neutron States :  7/2[633] ,   5/2[642] ,  
                                Proton States  :  9/2[514] ,  
 
          K^pi= 21/2+   E*= 2125.63        Delta(n)=  578.72    Delta(p)=  654.90
                                Neutron States :  7/2[633] ,   5/2[523] ,  
                                Proton States  :  9/2[514] ,  
 
          K^pi= 23/2+   E*= 2192.67        Delta(n)=  618.38    Delta(p)=  654.90
                                Neutron States :  7/2[633] ,   7/2[514] ,  
                                Proton States  :  9/2[514] ,  
 
          K^pi= 25/2-   E*= 2418.54        Delta(n)=  634.81    Delta(p)=  654.90
                                Neutron States :  7/2[633] ,   9/2[624] ,  
                                Proton States  :  9/2[514] ,  
 
          K^pi= 27/2+   E*= 2491.52        Delta(n)=  599.59    Delta(p)=  654.90
                                Neutron States :  7/2[633] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,  
 
          K^pi= 15/2-   E*= 1599.58        Delta(n)=  544.50    Delta(p)=  654.90
                                Neutron States :  1/2[521] ,   5/2[512] ,  
                                Proton States  :  9/2[514] ,  
 
 
          
__________________________________________________________________________________
 
          CALCULATIONS FOR 5 QUASIPARTICLE STATES  :   WITH  0  NEUTRONS AND  5  
PROTONS
 
 
 
          
__________________________________________________________________________________
 
          CALCULATIONS FOR 5 QUASIPARTICLE STATES  :   WITH  4  NEUTRONS AND  1  
PROTONS
 
 
          K^pi= 33/2+   E*= 3203.88        Delta(n)=    0.05    Delta(p)=  654.90
                                Neutron States :  7/2[633] ,   1/2[521] ,   5/2
[512] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,  
 
          K^pi= 41/2-   E*= 4468.06        Delta(n)=  277.05    Delta(p)=  654.90
                                Neutron States :  7/2[633] ,   5/2[512] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,  
 
 
          
__________________________________________________________________________________
 
          CALCULATIONS FOR 5 QUASIPARTICLE STATES  :   WITH  2  NEUTRONS AND  3  
PROTONS
 
 
          K^pi= 29/2+   E*= 2239.12        Delta(n)=  368.58    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   1/2[521] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 33/2+   E*= 2458.49        Delta(n)=  512.94    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[512] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 33/2-   E*= 2919.33        Delta(n)=  569.86    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[642] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 33/2+   E*= 3032.18        Delta(n)=  578.72    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[523] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 35/2+   E*= 3099.22        Delta(n)=  618.38    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   7/2[514] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 37/2-   E*= 3325.09        Delta(n)=  634.81    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   9/2[624] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 39/2+   E*= 3398.07        Delta(n)=  599.59    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 27/2-   E*= 2506.13        Delta(n)=  544.50    Delta(p)=    0.09
                                Neutron States :  1/2[521] ,   5/2[512] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 31/2+   E*= 2947.22        Delta(n)=  588.53    Delta(p)=    0.09
                                Neutron States :  5/2[512] ,   5/2[642] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 31/2-   E*= 3056.32        Delta(n)=  597.69    Delta(p)=    0.09
                                Neutron States :  5/2[512] ,   5/2[523] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 33/2-   E*= 3332.70        Delta(n)=  690.11    Delta(p)=    0.09
                                Neutron States :  5/2[512] ,   7/2[514] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 35/2+   E*= 3555.56        Delta(n)=  703.40    Delta(p)=    0.09
                                Neutron States :  5/2[512] ,   9/2[624] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 37/2-   E*= 3414.53        Delta(n)=  619.10    Delta(p)=    0.09
                                Neutron States :  5/2[512] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 39/2-   E*= 3940.77        Delta(n)=  705.88    Delta(p)=    0.09
                                Neutron States :  7/2[514] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 41/2+   E*= 4152.51        Delta(n)=  721.39    Delta(p)=    0.09
                                Neutron States :  9/2[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
 
          
__________________________________________________________________________________
 
          CALCULATIONS FOR 7 QUASIPARTICLE STATES  :   WITH  4  NEUTRONS AND  3  
PROTONS
 
 
          K^pi= 39/2-   E*= 3597.43        Delta(n)=    0.07    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   1/2[521] ,   5/2
[512] ,   5/2[642] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 39/2+   E*= 3720.43        Delta(n)=    0.08    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   1/2[521] ,   5/2
[512] ,   5/2[523] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 45/2+   E*= 4110.43        Delta(n)=    0.05    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   1/2[521] ,   5/2
[512] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 51/2-   E*= 5981.43        Delta(n)=    0.05    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   1/2[521] ,   5/2
[512] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,  11/2
[505] ,  
 
          K^pi= 41/2-   E*= 4319.43        Delta(n)=    0.09    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   1/2[521] ,   5/2
[642] ,   7/2[514] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 43/2+   E*= 4560.43        Delta(n)=    0.10    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   1/2[521] ,   5/2
[642] ,   9/2[624] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 43/2-   E*= 4683.43        Delta(n)=    0.05    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   1/2[521] ,   5/2
[523] ,   9/2[624] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 47/2+   E*= 4832.43        Delta(n)=    0.07    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   1/2[521] ,   7/2
[514] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 49/2-   E*= 5073.43        Delta(n)=    0.08    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   1/2[521] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 43/2-   E*= 4688.43        Delta(n)=    0.06    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[512] ,   5/2
[642] ,   5/2[523] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 45/2-   E*= 4607.43        Delta(n)=    0.07    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[512] ,   5/2
[642] ,   7/2[514] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 47/2+   E*= 4850.89        Delta(n)=   81.54    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[512] ,   5/2
[642] ,   9/2[624] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 49/2-   E*= 5078.43        Delta(n)=    0.10    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[512] ,   5/2
[642] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 45/2+   E*= 4738.85        Delta(n)=  160.22    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[512] ,   5/2
[523] ,   7/2[514] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 47/2-   E*= 4981.97        Delta(n)=  188.58    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[512] ,   5/2
[523] ,   9/2[624] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 49/2+   E*= 5201.43        Delta(n)=    0.09    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[512] ,   5/2
[523] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 51/2+   E*= 5133.77        Delta(n)=  256.97    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[512] ,   7/2
[514] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 57/2-   E*= 7004.77        Delta(n)=  256.97    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[512] ,   7/2
[514] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,  11/2
[505] ,  
 
          K^pi= 53/2-   E*= 5374.61        Delta(n)=  277.05    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[512] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 59/2+   E*= 7245.61        Delta(n)=  277.05    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[512] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,  11/2
[505] ,  
 
          K^pi= 49/2+   E*= 5585.81        Delta(n)=  289.93    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[642] ,   7/2
[514] ,   9/2[624] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 51/2-   E*= 5683.56        Delta(n)=  393.29    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[642] ,   7/2
[514] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 53/2+   E*= 5910.43        Delta(n)=  411.21    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[642] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 49/2-   E*= 5705.48        Delta(n)=  334.54    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[523] ,   7/2
[514] ,   9/2[624] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 51/2+   E*= 5801.51        Delta(n)=  399.67    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[523] ,   7/2
[514] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 53/2-   E*= 6027.92        Delta(n)=  417.96    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   5/2[523] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 55/2-   E*= 6081.57        Delta(n)=  397.62    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   7/2[514] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 61/2+   E*= 7952.57        Delta(n)=  397.62    Delta(p)=    0.09
                                Neutron States :  7/2[633] ,   7/2[514] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,  11/2
[505] ,  
 
          K^pi= 49/2+   E*= 5724.18        Delta(n)=  425.70    Delta(p)=    0.09
                                Neutron States :  5/2[512] ,   5/2[642] ,   7/2
[514] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 51/2-   E*= 5952.58        Delta(n)=  439.08    Delta(p)=    0.09
                                Neutron States :  5/2[512] ,   5/2[642] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 51/2+   E*= 6066.93        Delta(n)=  446.74    Delta(p)=    0.09
                                Neutron States :  5/2[512] ,   5/2[523] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
          K^pi= 53/2+   E*= 6390.46        Delta(n)=  503.23    Delta(p)=    0.09
                                Neutron States :  5/2[512] ,   7/2[514] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,  
 
 
          
__________________________________________________________________________________
 
          CALCULATIONS FOR 7 QUASIPARTICLE STATES  :   WITH  2  NEUTRONS AND  5  
PROTONS
 
 
          K^pi= 57/2+   E*= 7235.46        Delta(n)=  599.59    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
 
          
__________________________________________________________________________________
 
          CALCULATIONS FOR 9 QUASIPARTICLE STATES  :   WITH  4  NEUTRONS AND  5  
PROTONS
 
 
          K^pi= 63/2+   E*= 7947.82        Delta(n)=    0.05    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   1/2[521] ,   5/2
[512] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 65/2+   E*= 8669.82        Delta(n)=    0.07    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   1/2[521] ,   7/2
[514] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 67/2-   E*= 8910.82        Delta(n)=    0.08    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   1/2[521] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 65/2+   E*= 8688.28        Delta(n)=   81.54    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   5/2[512] ,   5/2
[642] ,   9/2[624] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 67/2-   E*= 8915.82        Delta(n)=    0.10    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   5/2[512] ,   5/2
[642] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 65/2-   E*= 8819.35        Delta(n)=  188.58    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   5/2[512] ,   5/2
[523] ,   9/2[624] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 67/2+   E*= 9038.82        Delta(n)=    0.09    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   5/2[512] ,   5/2
[523] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 69/2+   E*= 8971.16        Delta(n)=  256.97    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   5/2[512] ,   7/2
[514] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 65/2+   E*= 8642.00        Delta(n)=  277.05    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   5/2[512] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   1/2[411] ,  11/2[505] ,  
 
          K^pi= 71/2-   E*= 9212.00        Delta(n)=  277.05    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   5/2[512] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 69/2-   E*= 9520.95        Delta(n)=  393.29    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   5/2[642] ,   7/2
[514] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 71/2+   E*= 9747.82        Delta(n)=  411.21    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   5/2[642] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 69/2+   E*= 9638.90        Delta(n)=  399.67    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   5/2[523] ,   7/2
[514] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 71/2-   E*= 9865.30        Delta(n)=  417.96    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   5/2[523] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 73/2-   E*= 9918.96        Delta(n)=  397.62    Delta(p)=    0.06
                                Neutron States :  7/2[633] ,   7/2[514] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
 
          K^pi= 71/2+   E*=10227.85        Delta(n)=  503.23    Delta(p)=    0.06
                                Neutron States :  5/2[512] ,   7/2[514] ,   9/2
[624] ,  11/2[505] ,  
                                Proton States  :  9/2[514] ,   7/2[404] ,   5/2
[402] ,   7/2[523] ,  11/2[505] ,  
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